INTRODUCTION
Fish gills serve as an entry point for pathogens because of their direct contact with the environment and because physiological constraints require only a fragile barrier between the environment and the circulatory system. Immune mechanisms are required in the gill to reduce the likelihood of successful invasion by pathogens. When rainbow trout Oncorhynchus mykiss are infected with Renibacterium salmoninarum, the gills produce a quick and prolonged nitric oxide synthase response (Campos-Perez et al. 2000) . The gill itself also contains lymphoid tissue rich in T cells (Haugarvoll et al. 2008 ) and CD4 receptors that are necessary for cell-mediated immunity (Buonocore et al. 2008) . Gill disease models are helpful in determining ABSTRACT: Pond-reared channel catfish Ictalurus punctatus with proliferative gill disease (PGD), caused by the myxozoan parasite Henneguya spp., were examined with light and transmission electron microscopy to better characterize the inflammatory response during infection. The early stages of disease are characterized by the destruction of collagen in the matrix of the gill filament cartilage causing weakness and breaks within the gill filaments. These early lesions lacked a notable inflammatory response around the disrupted cartilage, a chondrocyte response was not apparent, and the parasite was not present, suggesting that the cartilage breaks occur prior to inflammation and arrival of the parasite in the gill. In later lesions, a significant inflammatory response was generated in areas of disrupted cartilage, and the inflammatory infiltrate was composed of a mixed population of granulocytes including neutrophils and cells that resembled eosinophils. The majority of eosinophil-like cells demonstrated evidence of degranulation. Trophozoites of Henneguya spp. were surrounded by a uniform population of cells believed to be neutrophils. The granulocytes were infiltrated within the dense collagen layer of the gill filament cartilage and often appeared within chondrocyte lacunae in place of the chondrocyte. The gill lamellae adjacent to the lesions were fused and contained an inflammatory infiltrate containing granulocytes and cells with pericentriolar granules that resembled previous descriptions of Langerhans-like cells. These cells were abundant within damaged lamellar epithelium, but were only rarely found within the gill filament. Lesions that appeared to be recovering lacked the dense collagenous layer around the cartilage and contained hyperplastic and hypertrophic chondrocytes that formed a callus. Other chondrocytes in the lesions had ultrastructural features indicative of cell death.
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Resale or republication not permitted without written consent of the publisher how gills respond to disease with the initial inflammatory response generated during an infection, which is critical for the development of adaptive immunity. In salmonids infected with the gill microsporidian Loma salmonae, acute and chronic inflammatory responses are observed in the gill, and characterization of the inflammatory infiltrate led to the discovery of a cell type that resembles mammalian Langerhans cells (Lovy et al. 2006) . It is hypothesized that these cells are resident in secondary lymphoid tissues, particularly in the spleen, and are recruited systemically to initiate adaptive immune responses during inflammatory insults (Lovy et al. 2006 (Lovy et al. , 2008 (Lovy et al. , 2009 ).
An inflammatory process is associated with proliferative gill disease (PGD) that affects pond-reared channel catfish Ictalurus punctatus in the southern USA and can lead to mortality rates exceeding 50% (Bowser & Conroy 1985) . In PGD, the gills of channel catfish are infected by the actinosporean stage of the myxozoan parasite Henneguya ictaluri, which develops within the benthic oligochete Dero digitata (Styer et al. 1991 , Pote et al. 2000 . Infection with the parasite occurs through multiple portals including the skin, gills and gastric mucosa (Belem & Pote 2001) . The parasite first induces severe congestion and hemorrhaging in the gill, which develops into epithelial hyperplasia, inflammation and lytic cartilage lesions (Griffin et al. 2010) . The presence of broken gill filament cartilage in pondreared channel catfish is pathoneumonic for PGD, but histology and real-time PCR are often used as confirmatory tests . The severe inflammatory response elicited during PGD is believed to cause lysis of the cartilage leading to breaks within the cartilage (MacMillan et al. 1989) . The goals of the present study are to examine the pathology associated with PGD in the gills of channel catfish by means of light microscopy and transmission electron microscopy in order to characterize the host cells present in the inflammatory response and to characterize the gill microenvironment within lesions.
MATERIALS AND METHODS
Five 10 to 15 cm channel catfish were collected from a commercial catfish fingerling production pond on a fish farm in Arkansas, USA, during a single sample period during the month of May. The fish in the pond were swimming in the proximity of the aerators and displaying signs of oxygen deprivation. Grossly, the gill filaments of the affected fish appeared thickened and many were bent. Wet mount preparations of gills demonstrated breaks in the gill filament cartilage. These behavioral and clinical signs were consistent with a severe, active PGD. Light microscopy. Gill tissue was fixed in formalin for at least 24 h, dehydrated through a series of ethanols, cleared in xylene and embedded in paraffin wax. Serial sections, 5 µm thick, were cut and mounted on multiple glass slides. The tissues were stained with either hematoxylin and eosin (H&E), Alcian blue, Safranin O, Masson's trichrome or periodic acid-Schiff (PAS). Slides were viewed and photographed with a microscope (Axioplan 2, Zeiss) equipped with a high resolution digital camera (AxioCam) with Axiovision software v. 4.5.0.0 (Carl Zeiss Canada).
High resolution light microscopy and transmission electron microscopy. Fish gills were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, packaged with ice packs and sent to the Atlantic Veterinary College (AVC), Charlottetown, Prince Edward Island. Upon receipt the gill tissue was cut into smaller pieces and placed into fresh 2% buffered glutaraldehyde and kept at 4°C over night. The tissue was then washed in 0.1 M phosphate buffer and transferred to 1% osmium tetroxide in phosphate buffer for 1 h at room temperature. Dehydration through a series of ethanol grades to propylene oxide immediately followed osmium fixation. The tissue was then infiltrated with a mixture of Spurr's resin and propylene oxide in a ratio of 1:1, 3:1, and lastly in pure Spurr's resin for 24 h each. The tissue was embedded in pure Spurr's resin (Canemco) at 60°C for 24 h. Semi-thin sections (0.5 µm) were cut from 5 blocks of tissue from each infected fish. The sections were stained with 1% toluidine blue in 1% sodium tetraborate solution and viewed with the light microscope. All samples that contained cartilage lesions and an inflammatory response were re-cut to generate ultra-thin sections (90 nm). The ultra-thin sections were retrieved onto copper super grids (200 mesh) and stained with uranyl acetate and Sato's lead stain. The sections were examined with a transmission electron microscope (Hitachi H7500, Nissei-Sangyo) operated at 80 kV and imaged with a side mount digital camera (AMT XR40, Advance Microscopy) by means of the Image Capture Engine Software v. 600.149.
RESULTS

Light microscopy
Staining with H&E and toluidine blue demonstrated both the territorial matrix, rich in glycosaminoglycans (GAGs), and the interterritorial matrix (collagenous component) of the gill cartilage. With H&E staining the collagen was eosinophilic and the territorial matrix was basophilic. The toluidine blue showed less specific staining in which both components were blue. The Masson's trichrome stain clearly identified the collagenous component of the cartilage. Both Safranin O and Alcian blue staining demonstrated the GAG-rich areas. The normal gill filament cartilage within the sample contained varying numbers of chondrocytes surrounded by a territorial matrix made up of GAGs and a fibrous collagenous layer surrounding the territorial matrix. Two different morphological types of normal gill filament cartilage were observed. One type contained predominantly collagen with only a few rounded chondrocytes, while the second contained an organized network of cuboidal chondrocytes surrounded by collagen. In some instances the more cellular cartilage was found closer to the gill filament tips, whereas the less cellular form was found closer to the base of the filaments.
In gills infected with Henneguya, trophozoites were surrounded by mononuclear host inflammatory cells (Fig. 1A ). The mononuclear cells had a PAS-positive granular cytoplasm. Trophozoites were not observed in all areas of chondrocyte lesions and cartilage breaks. Several types of lesions were observed affecting the gill filament cartilage. One type of lesion had gill filament cartilage with incontinuities in the extracellular matrix resulting in breaks in the cartilage (Fig. 1B,C) . These lesions had a minimal inflammatory infiltrate and parasites were not present (Fig. 1B ,C, arrows). Other lesions with similar cartilage breaks and missing the extracellular matrix had a noticeable inflammatory infiltrate with parasite trophozoites (Fig. 1D ). In lesions with a severe inflammatory infiltrate and parasite trophozoites there was a complete loss of the gill filament cartilage (Fig. 1C, arrowhead) . Epithelial hyperplasia and lamellar fusion were common adjacent to the damaged gill filament cartilage (Fig. 1C ). Another type of lesion was the gill filament cartilage missing the surrounding dense collagenous component and containing hyperplastic and hypertrophic chondrocytes adjacent to the missing collagen ( Fig. 1E-G ). In these lesions containing the hypertrophic chondrocytes the parasite was not present and the inflammatory response was mild or absent. In both toluidine blue-stained and Masson's trichrome-stained sections the deep blue staining of the normal collagenous matrix making up the cartilage was missing in the areas of chondrocyte hypertrophy (Fig. 1E,F) . The toluidine blue-stained lesions demonstrated a metachromatic staining within the territorial matrix around the hypertrophic chondrocytes (Fig 1E) . In H&E-stained sections the eosinophilic-staining collagen was missing in the areas of broken cartilage with hyperplastic and hypertrophic chondrocytes, while the unaffected areas still had the eosinophilic collagenous matrix intact ( Fig 1G) .
Transmission electron microscopy
Ultrastructural characterization of the host cells within inflammatory lesions revealed a homo genous population of mononuclear cells directly surrounding the parasite (Fig. 2A) . These cells contained 2 types of granules, elongated granules with material in a fibrillar arrangement (Fig. 2B, arrows) and small pleomorphic granules containing electron-dense amorphous material (Fig. 2B , arrowheads). These granules are characteristic for fish neutrophils. Inflammation in the gills became locally diffuse in areas not directly surrounding the parasite and extended from the gill filament to the adjacent lamellar epithelium. The inflammatory infiltrate contained a mixed population of leukocytes including cells that resembled neutrophils, and other granulocytes with large intact granules similar in morphology to mast cells (also known as eosin ophilic granular cells). Other cells with abundant relatively small granules with variably electron-dense material were observed (Fig. 2C) . A majority of these cells showed evidence of degranulation, in which this central component of the oval or spherical granules was degranulated (Fig. 2D,E) . The majority of inflammatory cells were adjacent to the collagen layer of the filament cartilage. The inflammatory cells had pseudopods extending into the collagen and cells were observed within the dense collagenous layer (Fig. 2F) . The inflammatory cells invaded the interterritorial matrix and often infiltrated the chondrocyte lacunae among other granulocytes replacing the chondrocytes.
Previously described fish cells with unique pericentriolar granules that resemble Langerhans cells were common within the inflammatory infiltrate. These cells were found within the fused lamellar epithelium (Fig. 3A) but only rarely occurred within the gill filament. The cells characteristically had a network of granules, often containing electron-dense deposits, localized around the centrisome (Fig. 3B,D) . The luminal material within the granules was of variable electron density and electron-dense bodies were frequently observed within the granules (Fig. 3B-D) .
Ultrastructural differences were observed between normal gill cartilage and the cartilage associated with PGD lesions. Two types of normal gill filament cartilage were observed: mature predominantly acellular cartilage (Fig. 4A,B ) and highly cellular cartilage (Fig. 4C ). In the mature predominantly acellular gill filament cartilage the fibrous component was made up mostly of collagen and electron-dense material which is likely the proteoglycan component of the territorial matrix (Fig. 4A,B) . The chondrocytes were embedded within the thick fibrous component. The chondrocytes were rounded, relatively small, devoid of organelles, and nuclei were euchromatic with peripheral heterochromatin (Fig. 4A,B ). In the highly cellular filament cartilage the chondrocytes were relatively large, cuboidal, and closely apposed to each other with a thin layer of territorial matrix separating the neighboring chondrocytes. Enclosing the cuboidal chondrocytes and territorial matrix was the fibrous layer composed of collagen. The chondrocytes within the cellular cartilage contained little rough endoplasmic reticulum (RER) (Fig. 4C) . In PGD-affected cartilage there was a loss of the surrounding collagen. The chondrocytes that were no longer surrounded by an obvious collagen layer were hypertrophied (Fig. 4D) . The hypertrophic chondrocytes contained large amounts of RER in the cytoplasm and a primarily euchromatic nucleus, lacking the peripheral heterochromatin observed in the normal chondrocytes (Fig. 4E) . The areas directly adjacent to the hypertrophic chondrocytes were largely electron lucent, instead of being surrounded by the dark territorial matrix (Fig. 4E) . In some lesions, cell death was evident in the chondrocytes in which the cytoplasm was mostly devoid of organelles and the nucleus was condensed and star-shaped (Fig. 4F,G) . The necrotic chondrocytes also had normal chondrocytes adjacent to them and the territorial matrix was apparent between the cells (Fig. 4F,G) . Lesions with a severe inflammatory response led to the complete destruction of the filament cartilage, in which hypertrophied chondrocytes were observed freely within the inflammatory infiltrate. In these cases there was no evidence of other structural components of the cartilage (Fig. 4H ). 
PGD). (A) Mononuclear inflammatory cells ( * ) directly surrounding the parasites (arrows). (B) Cytoplasmic granules of mononuclear cells from (A) include elongated granules with fibrillar material (arrows) and small pleomorphic granules (arrowheads). (C) A granulocyte with abundant intact granules (arrows). (D) A degranulating (arrows) granulocyte. (E) Central granule contents are degranulated (arrows). (F)
Inflammatory response directly adjacent to the collagen layer ( * ) of the gill filament cartilage. Granulocytes are extending pseudopods (arrows) into the collagen ( * ) or have infiltrated within the collagen layer (arrowheads).
Scale bars = (A,F) 5 µm, (B) 500 nm, (C,E) 1 µm, (D) 2 µm
DISCUSSION
A critical component of PGD is the effect of the disease on the fibrous component, particularly collagen, of the gill filament cartilage. There was a clear correlation between collagen loss in the gill filament cartilage and breaks in the cartilage. Areas of chondrocyte proliferation and hypertrophy were also devoid of collagen. Our results suggest that the collagen is broken down and breaks develop during the early stages of disease, before evidence of a host inflammatory response, chondroplasia or the occurrence of parasites. This is further supported by Wise et al. (2008) , who demonstrated that gill filament breaks occur before the histological detection of the parasite in the gills. As collagen is the major component for the structural integrity of cartilage, it is logical that its breakdown would lead to weakness in the filament cartilage, which could progress to breaks. It will be important to determine the initial cause of the collagen breakdown to better understand the pathogenesis of disease. Considering cartilage breaks occur before a notable inflammatory response, it is possible that proteases are released from early parasite stages that degrade the collagen in order to support growth of the trophozoites within the gill filament. For example Myxobolus cerebralis, a myxozoan in trout, digests and causes lysis of cartilage with serine proteases that cause degeneration of cartilage (Kelley et al. 2004) . Kudoa thyrsites, a myxozoan of the muscle of fish, releases proteolytic enzymes that lead to histiolysis (Langdon 1991) . The pronounced inflammatory response in PGD probably contributes to the breakdown of the gill filament cartilage during the later stages of disease. The presence of damaged cartilage occurring before a notable inflammatory response suggests that the initial breakdown of collagen is not caused by inflammation. Further research should be done to investigate the presence of The present study is the first to ultrastructurally examine the host cell response in PGD-affected fish. The response directly surrounding the pathogen consists of a uniform population of cells that most closely resembled neutrophils based on the presence of elongated fibrillar granules and abundant small pleomorphic granules (Takemori et al. 1994 , Pavelka & Roth 2005 . The nuclei of the catfish neutrophils were rounded, as opposed to the more common segmented nuclei seen in other vertebrate neutrophils. The rounded shape of catfish neutrophil nuclei has been previously reported by Grizzle & Rogers (1976) and Cannon et al. (1980) . The inflammatory response was most severe in the gill filament, where the filament cartilage was replaced with the inflammatory infiltrate consisting of a mixed population of cells dominated by neutrophils and other granulocytes. The granulocytes observed in the present study had abundant granules that in some cells were large and resembled mast cells, also referred to as eosinophilic granular cells, and other cells with smaller granules that more closely resembled mammalian eosinophils. In the majority of the eosinophil-like cells the central contents of their granules were degranulated. The large numbers of degranulated cells within the lesions suggest that the nature of the inflammatory response is particularly damaging to the host tissue. Ultrastructurally this strongly resembled the degranulated eosinophil-like cells observed within the inflammatory response of Atlantic salmon Salmo salar clinically affected with amoebic gill disease (Lovy et al. 2007) .
The neutrophils and degranulating granulocytes observed in the present study appeared to be chemotactic towards collagen and often infiltrated into the dense collagenous layer of the gill filament cartilage. Damage done to the extracellular matrix (ECM) is known to trigger immune and inflammatory responses; for example collagen fragments from collagenase digestion are a potent stimulator for interleukin 1 secretion in human blood mononuclear cells (Pacifici et al. 1991) . The ECM is a strong modulator of inflammation in gilthead seabream Sparus aurata (CastilloBriceno et al. 2010 ) and collagen fragments generated from the action of proteases have a high stimulatory capacity for fish phagocytes (Castillo-Briceno et al. 2009 ). Because the destruction of collagen is common within the gill of PGD-affected fish, the damaged ECM of these fish probably generates potent pro-inflammatory signals. The highly inflammatory nature of PGD in channel catfish is probably linked to the expression of damage-associated molecular patterns from the early damage done to the collagen within the gill. The presence of neutrophils and degranulated cells that resemble eosinophils in PGD-affected catfish gills probably contributes to collagen and the cartilage damage. Human neutrophil granules are known to contain neutrophil elastase and neutrophil collagenase (also known as MMP-8), both of which can cleave native type I collagen (Kafienah et al. 1998 , Khatwa et al. 2010 . The MMP-8 protein is known to promote migration of neutrophils through collagen-rich matrix (Khatwa et al. 2010) and this collagenase has been demonstrated in channel catfish to have 51% nucleotide and amino acid homology to human MMP-8 (Noya et al. 1999) . Stimulated catfish neutrophils are also able to degrade type I collagen (Noya et al. 1999) . Interestingly, the anti-inflammatory drug, dexamethasone, blocks all collagenolytic activity during acute inflammation in a rat model (Etherington et al. 1979) and according to Belem (1994) , dexamethasone administration to PGD-affected catfish causes a reduction in the inflammatory response in the gills. It is possible that dexamethasone treatment in catfish reduces the inflammatory-driven degradation of collagen seen with a PGD infection. The cells that resemble degranulated eosinophils in the present study may also contribute to the destruction of collagen. Although the contents of fish eosin ophil granules are largely unknown, human eosin ophils contain metalloprotein, which degrades types I and III collagen (Hibbs et al. 1982) .
The finding of Langerhans-like cells within inflammatory lesions is consistent with the presence of these cells in other inflammatory gill diseases, such as in microsporidial gill disease in salmonids (Lovy et al. 2006 (Lovy et al. , 2008 . These cells were identified by the presence of pericentriolar granules, which have been used as a morphological criterion for the identification of Langerhans-like cells (Lovy et al. 2010 ). These cells were found predominantly within the inflammatory infiltrate within the fused gill lamellar epithelium and were only rarely observed in the more severe inflammatory lesions within the gill filament. The Langerhans-like cells in catfish (ictalurids), as described in this study, contain dense bodies within the granule lumen, and ultrastructurally they strongly resemble the Langerhans-like cells in cyprinid fishes (Lovy et al. 2010) . The functional importance of the dense bodies within the granule lumens of cyprinids and ictalurids and their absence within similar cells of salmonids (Lovy et al. 2008 ) is currently unknown. An interesting finding from this study not previously reported is the variable density of the luminal material within the granules. The common presence of a Golgi apparatus, mitochondria and multivesicular bodies (Lovy et al. 2010) near the granules suggests metabolic activity in the cells. Currently the cells are believed to be anti-gen-presenting cells and the material within the granule lumens may represent material that was taken up and broken down, or it may be material being synthesized and packaged within the granules. Discovering the contents of the granules will be invaluable in determining their function in these cells.
PGD in catfish causes destruction of the cartilage matrix, particularly degrading the collagen that makes up the dense outer layer of the cartilage. The destruction of the cartilage matrix leads to interesting responses of the chondrocytes, including hyperplasia and hypertrophy in areas devoid of collagen (presumably cartilage regeneration). The loss of matrix probably stimulates the chondrocytes to synthesize and secrete new matrix to repair cartilage within the lesions. This is supported by the presence of hypertrophic chondrocytes in this study that contain abundant RER, probably reflecting their active state of cartilage matrix synthesis. In the present study cell death was observed in chondrocytes within affected filament cartilage, although it was difficult to determine by ultrastructure if death in these cells was caused by apoptosis or necrosis, since features were not consistent with either. These unique features of cell death may reflect a mechanism of chondrocyte death during cartilage recovery. The chondrocyte response in PGDaffected lesions is similar to the stages of development of a soft callus during bone remodeling after a bone fracture in mammals. Bone remodeling in mammals has 4 stages: inflammation, soft callus formation, hard callus formation and finally bone remodeling (Schindeler et al. 2008) . Considering that fish gill cartilage does not terminally differentiate into bone, the callus would not proceed into the development of a hard callus with osteogenesis. In mammal bone remodeling, chondrocytes proliferate to fully replace the granulation tissue to form the soft callus (Schindeler et al. 2008) . The chondrocytes then undergo hypertrophy followed by cell death (Ahmed et al. 2007a ). The method of chondrocyte death during this process is thought be through a non-classicial pathway of apoptosis, although the exact method is controversial and has been described as chondroptosis (Roach et al. 2004) , non-apoptotic cell death (Ahmed et al. 2007b) and autophagic cell death (Shapiro et al. 2005) . The chondrocytes of the gill filament cartilage in the present study were hypertrophic and some had evidence of cell death, demonstrating a pattern of callus development that is similar to that observed during bone healing in mammals.
The fish examined in this study were clinically infected channel catfish, which are chronically exposed to the parasite in the pond environment; thus, various stages of infection progression were observed. For clinical disease to occur in fish, exposure to the pathogen must occur over a chronic period. When fish are exposed to the parasite on a single day and then removed from the source of the parasite, recovery from infection rapidly occurs . The variety of lesions described in the present study demonstrates the complex pathogenesis of this disease and demonstrates healing in the gill filament cartilage, which is completely destroyed during infection. Considering that the use of a single exposure model leads to rapid recovery without clinical disease, it would be an ideal model to study the regenerative capacity of the gill filament cartilage. Gills are able to quickly and fully regenerate during recovery from disease, although few gill disease models lead to the gill filament destruction as seen with PGD. Thus, PGD would be an ideal model to study the cellular mechanisms of cartilage regeneration and cellular responses during infection and recovery. 
